Abstract-The effects of nonylphenol (NP) on phytoplankton and periphyton were studied in 230 L outdoor microcosms. Phytoplankton cell density and biomass, phytoplankton and periphyton diversity, and assemblage composition were analyzed during a four-week preapplication period, followed by six weeks of NP treatment via controlled release and a six weeks postapplication period. Changes in species richness and diversity were not correlated with NP concentrations. However, changes in phytoplankton cell densities during the first week of the postapplication period were related to previous exposure. In the controls and the lowestdosed microcosm, Conjugatophyceae constituted most of the biomass during the dosing and the postapplication period. In contrast, Dinophyceae dominated the biomass during the dosing and the postapplication period at higher NP concentrations. Principal response curves revealed changes in phytoplankton assemblage composition during the dosing and the postapplication period. Dinophyceae and most Cyanophyceae were more abundant at intermediate and higher NP concentrations, whereas Conjugatophyceae were less abundant compared to controls. Assemblages only partly recovered during the postapplication period. Periphyton taxon richness, diversity, and assemblage change was not related to NP concentrations. At the lowest and intermediate concentration, assemblages were significantly different from the controls and the higher concentrations, which were similar during the treatment period.
INTRODUCTION
Concerns about the toxicity and endocrine potential of NP, a degradation product of the nonionic surfactants alkylphenol polyethoxylates, led to many studies on its occurrence in the environment and effects on aquatic animals and plants. However, most investigations were single species tests with only one study assessing effects on complex assemblages in littoral enclosures [1] [2] [3] [4] . Effect concentrations for algae ranged from 2.5 to 2,500 g/L, while NP concentrations up to 180 g/L were found in freshwaters, but most were below 3 g/L [5] [6] [7] [8] [9] [10] . To evaluate the risks of NP in ecosystems, effects must be studied simultaneously on a range of organisms from different trophic levels. Studies on complex assemblages in addition to single-species tests can also help differentiate between species that are directly affected by the toxicant and those that may be affected indirectly via the food web.
The aim of this study was to investigate the effects of chronic and continuous NP exposure on an aquatic model ecosystem in outdoor microcosms over a six-week treatment and a six-week postapplication period comprehensively. This article presents the results for primary producer (phytoplankton, periphyton) and physicochemical factors. A second article in this journal focuses on the zooplankton community [11] .
METHODS

Experimental design, field, and laboratory investigations
Cylindrical microcosms (80-cm high, 60-cm wide), made of stainless steel, were filled with 230 L 63-m-filtered littoral water and 10 cm sediment from the oligo-mesotrophic Lake Ammersee (Bavaria, Germany) in May. Zooplankton was add-* To whom correspondence may be addressed (hense@gsf.de).
ed one week later. The first sampling day was May 25, defined in the graphics as week 1. After a preapplication period of four weeks, microcosms were continuously exposed for six weeks (June 15-July 30 1998) to different concentrations of technical NP (4-NP Ͼ 98%, Sigma-Aldrich, Seelze, Germany) using controlled release through low-density polyethylene (LDPE) tubes (controlled-release devices). The tubes had different lengths to achieve nominal NP concentrations of 40 (NP2), 100 (NP4), 130 (NP5), and 190 g/L (NP7) [12] . During the first application week and the first week after the removal of the controlled-release devices, NP concentrations were measured daily and at other times twice per week [12] . Two microcosms were used as controls (k2, k3). After the treatment, investigations continued for another six weeks until September 9.
From May 25, phytoplankton and water samples for chemical analysis were collected weekly. From each microcosm, three water samples of 0.5 L were taken using stainless-steel water column sampler and combined. A subsample was filtered through a 45-m one-way cellulose-acetate filter, and o-phosphate, nitrate, and ammonium were measured following DIN 38405 D11-1 (Nanocolor test kit Phosphate 1), DIN 38405 D9-2 (Nanocolor test kit Nitrate 50), and DIN 38406 E5-1 (Nanocolor test kit Ammonium 3, all Macherey-Nagel, Düren, Germany). For phytoplankton analysis, a 100-ml subsample was fixed with Lugol's solution [13] .
Temperature, pH, conductivity, and oxygen concentrations were measured twice a week using portable meters (PH90, LF90, OXI91, all WTW, Weilheim, Germany).
Phytoplankton was analyzed following Utermö hl [13] . Taxa were identified to the lowest possible taxonomic level (mainly species level) following Ettl et al. [14] and counted using an inverse microscope (Leica DM IRBE HC, Bensheim, Germany). Only taxa occurring at least five times in a sample were included in the data analysis. The limit of determination was 1.3 cells/ml and 2.5 cells/ml for cells smaller than 20 m, which were counted at ϫ400 magnification instead of ϫ200. Using different magnifications made counts of larger cells more reliable since they often occurred in low numbers but contributed a relatively high portion to the total biomass. Total cell density, abundances of taxa, number of species, and the Shannon-Wiener index for diversity and evenness were calculated. Biomass was determined following Hoehn et al. [15] . To investigate periphyton, round glass rods (1 cm diameter) were vertically placed along the wall in each microcosm at the beginning of the preapplication period. After two weeks, samples were taken weekly by scraping the 10-cm section of a glass rod, which was immediately above the sediment, and the respective glass rod was removed from the microcosm. Samples were fixed with approximately 5% formaldehyde and processed following standard methods [16] , using H 2 O 2 for oxidation. Assemblages were investigated at ϫ1,000 magnification (Zeiss Axioskop, Oberkochen, Germany) counting at least 500 valves and relative abundances calculated.
Numerical analysis
To analyze the difference in composition and abundance of taxa between controls and exposed assemblages, principal response curves, an ordination method based on redundancy analysis (RDA), were calculated using CANOCO 4.0 [17] . The environmental variable was the NP concentration in each microcosm, with sampling time as covariable. All calculations were performed using logϩ1-transformed relative abundances. For the experimental design, this method is equivalent to a two-step procedure that involves the transformation of data (centering with respect to sampling days and averaging according to treatment groups) and a principal component analysis. A linear combination of variables (changes of species abundance) was calculated to determine the deviation of each exposed assemblage from the mean of control assemblages at each sampling day expressed as canonical coefficients (c dt ). Principal response curves were derived by plotting the c dt against time. Thus, the line at y ϭ 0 represents the mean of the controls and the c dt s of the treated microcosms their deviation from the controls for each sampling date. Species scores indicate increased or decreased abundances of taxa in exposed assemblages. For samples with positive c dt s, taxa with positive species scores were more common compared to the controls; for samples with negative c dt s, taxa with positive species scores were less common.
Single-species toxicity test
We conducted a 72-h algae growth inhibition test with Scenedesmus subspicatus (Organization for Economic Cooperation and Development [OECD] Guideline 201 [18] ) and technical NP (test 1). Growth of the algae was measured photometrically using the XT algae test set of ABIMED-Analysen Technik (Langenfeld, Germany). Effect concentration (EC50) and EC10 values were calculated by probit analysis (p Ͻ 0.05). The NP concentration was analyzed following Pfister et al. [12] . Measured NP concentrations at the beginning of the growth test were used for the calculation of effect concentrations. To investigate the disappearance of NP during the 72 h of the growth test, concentrations were also measured at the end of the test. According to OECD Guideline 201, the test can be applied to volatile compounds only within certain limitations. We therefore conducted a second test using a closed test system following the procedures of the OECD test [19] .
RESULTS
NP concentrations and abiotic parameters
Nonylphenol concentrations in the microcosms increased rapidly during the first three weeks of treatment but remained more constant afterward until week 6, when they started to decline. Maximum concentrations reached were 29, 54, 96, and 120 g/L for NP2, 4, 5, and 7, respectively. After the removal of the dosing devices, NP concentrations declined rapidly, reaching the detection limit within two weeks ( Fig.  1 ) [12] .
The water temperature in the microcosms rose from a minimum of 16.2ЊC in June to a maximum of 28ЊC in July and decreased subsequently to 16ЊC at the end of August. Oxygen saturations were 90 to 98% in June and 100 to 163% in July and August. The pH varied between 8.8 and 9.4 in June but increased to 9.5 to 10.6 in July and August. Conductivity was highest at the beginning of the experiment with 308 to 321 s/cm but declined to 160 to 186 s/cm at the end of the experiment. Concentrations of nitrate-N and ammonium-N were usually below the detection limits of 0.3 and 0.03 mg/ L, respectively. With few exceptions, o-phosphate concentrations fluctuated between 10 and 40 g/L. There were no correlations between pH, conductivity, nutrients, and NP concentrations.
Phytoplankton species richness and diversity
In total, 144 taxa were found at least once in one of the microcosms. Chlorophyceae were the most taxon rich group (37 species), followed by the Bacillariophyceae (32), Cyanophyceae (20) , Conjugatophyceae (15) , and Cryptophyceae (13) . Few taxa were found belonging to the Chrysophyceae (6), Dinophyceae (4), Xanthophyceae (3), Euglenophyceae (1), and Oedogoniaceae (1). The number of taxa of some groups (e.g., Chrysophyceae, Euglenophyceae) were probably underestimated since most of their species were destroyed by the Lugol fixing. The number of taxa varied substantially during the preapplication period but were similar at the beginning of the treatment period (23) (24) (25) (26) (27) (28) (29) (30) (31) . With one exception, the number of taxa ranged from 22 to 49 during the treatment and from 25 to 38 during the postapplication period. No relationship was observed between the number of taxa and the NP concentration. Shannon-Wiener diversity HЈ varied from 0.11 to 2.72, and evenness from 0.03 to 0.84 during the preapplication period because of blooms of Chlamydomonaceae in some microcosms. During the first two weeks of the treatment period, diversity HЈ and evenness were similar in all microcosms (2.55-2.78 and 0.69-0.78) but later varied from 1.34 to 2.72 and 0.32 to 0.84 (Fig. 2 ). Diversity and evenness were not correlated with NP concentrations.
Phytoplankton cell density and biomass
Total cell densities varied considerably during the preapplication period (100-15,300 cells/ml) but were similar at the beginning of the treatment period (150-400 cells/ml). Cell densities in some microcosms increased subsequently (400-4,200 cells/ml) but independent of the NP concentrations. However, a relationship was observed between cell densities during the first week of the postapplication period and the NP concentration during the treatment period. During the first postapplication week, total cell density increased in both control microcosms. In contrast, cell densities decreased in the exposed microcosms and were lowest in the microcosm with previously greatest NP concentrations (Fig. 3) . Despite the variation between the controls, the degree of deviation of the treated microcosms and its tendency to increase with increasing NP treatment indicate a NP connected trend.
Cell densities of Bacillariophyceae (Centrales) and Chrysophyceae were highest during the preapplication period with blooms of Chlamydomonadaceae (Volvocales) in some microcosms. During the dosing period, Cryptophyceae, Chlorophyceae (Volvocales), and Bacillariophyceae (Pennales) dominated. During the postapplication period, Chlorophyceae (Chlorococcales) and Bacillariophyceae (Pennales) were the most abundant groups.
Total phytoplankton biomass, calculated as fresh weight, did not correlate with NP concentrations [20] . However, a relationship was observed between the relative biomass of the different algae classes and NP concentrations. During the preapplication period, Chrysophyceae, followed by Chlorophyceae (Volvocales) and Bacillariophyceae (Pennales), constituted most of the biomass. At the beginning of the dosing, no single algae class dominated in the microcosms. Subsequently, Conjugatophyceae became the most important group in the control microcosms and the lowest-treated microcosm (NP2) constituting up to 80% of the biomass. In the hightreated microcosms, they did not reach more than 35% (Fig.  4a) . During the postapplication period, the relative proportion of the Conjugatophyceae biomass remained high in the controls and NP2, increased in NP4 and NP5, but remained low in NP7. The Dinophyceae contributed most to the phytoplankton biomass in NP4 and NP5 during the treatment (Fig. 4b) , followed by the Conjugatophyceae during the postapplication period. In NP7, Chlorophyceae (Volvocales; mean 37% of biomass, maximum 68%) were most important during the treatment and Dinophyceae during the postapplication period. Similar patterns were also found for the absolute biomass but were less obvious because of variations in absolute biomass between the microcosms. With respect to other algae groups, only Cryptophyceae constituted an appreciable proportion of the biomass (mean 15% of the biomass, maximum 59%), but it fluctuated over time without showing any connection with the NP treatment.
Phytoplankton assemblage composition
Principal response curves revealed concentration dependent differences between the phytoplankton assemblages in the controls and the NP-treated microcosms during the treatment and postapplication periods (Fig. 5a) . The first explanatory variable correlated with the NP concentration and explained 17.8% of the variance. The c dt indicated substantial assemblage change in NP4, NP5, and NP7 during the dosing, which was most pronounced at the beginning of the postapplication period. In NP2, small changes became apparent only toward the end of the treatment period. During the postapplication period, c dt values reflected recovery in NP2 but to a lesser extent in NP4, NP5, and NP7. Most taxa of the Conjugatophyceae and in particular species of the genus Cosmarium had positive species scores, indicating lower abundances in NP 4, NP5, and NP7 compared to the controls (Fig. 5b) . In contrast, Cyanophyceae tended to be more abundant with increasing NP concentrations; however, the relative increase was greatest for Peridinium umbonatum (Dinophyceae). Chlorophyceae, Cryptophyceae, and Xanthophyceae contained taxa with both positive and negative species scores; Bacillariophyceae species scores were small. Taxa with high negative species scores, which were more abundant at higher NP concentrations, belonged to algae groups that were probably less edible because of either colony building and/or protective envelopes.
Periphyton, species richness, and assemblage composition
Species richness varied between 16 and 22 when treatment began and 3 to 14 taxa at the end of the postapplication period. Diversity and evenness decreased, varying from 0.8 to 1.2 and 0.7 to 0.8, respectively, at the beginning of the experiment and from 0.1 to 0.3 and 0.1 to 0.2 at the end. Assemblages in NP2 and NP4 were more diverse and NP5 least diverse compared to the controls and the highest NP concentrations during the treatment period. In the controls, NP5 and NP7 Achnanthidium minutissimum became dominant during the application period and only during the postapplication period in NP2 and NP4. No dose-dependent relationships were observed between changes in species richness, diversity, evenness, or assemblage composition (Fig. 6) .
Scenedesmus test
In test 1 (open glass vessels, OECD test 201 [18] ), the EC50 for cell growth was 0.87 mg/L, and the EC10 was 0.55 mg/L, based on NP concentrations measured at the beginning of the experiment. The NP concentration, however, decreased considerably during the 72-h test period with a final recovery rate of only 53.7 Ϯ 10.8% (standard deviation). In test 2 (closed glass vessels), the EC50 was 0.98 mg/L, and the EC10 0.37 mg/L. As the EC values of both tests were rather close, final recovery of NP was not investigated in test 1. The decrease of NP concentration caused by evaporation seems to be minor.
DISCUSSION
Studies on the effects of NP on planktonic algae have so far focused on single-species tests, and most authors reported effect concentrations Ͼ0.4 to 2.5 mg/L [1] . Our growth inhibition test with S. subspicatus yielded effect concentrations within this range (EC50 0.87-0.98 mg/L, EC10 0.37-0.55 mg/ L). Hüls [21] found an EC50 for S. subspicatus of 1.3 mg/L and an EC10 of 0.5 mg/L, whereas Kopf [22] found effects at much lower concentrations (EC50 0.32 mg/L, EC10 0.025 mg/L). These differences might be due to different compositions of technical mixtures of NP, with isomeres of different toxicities. Maximum NP concentrations in the microcosms were 120 g/L and were thus well below effect concentrations in our Scenedesmus test and in most single-species tests conducted by others. The calculations of effect concentrations were, however, based on nominal concentrations or concentrations measured at the beginning of the tests. This might have resulted in an underestimation of effect concentrations because of the rapid decrease of NP concentrations.
Prasad [23] suggested that NP most likely interferes with photosynthesis and cell division in macrophytes. However, we found no effects on the functional parameters pH and oxygen concentrations that could indicate direct toxic effects on physiological processes such as photosynthesis [24] .
Effects of nonylphenol on phytoplankton and periphyton Environ. Toxicol. Chem. 22, 2003 2731 Effects on phytoplankton found in this study were probably indirect because of effects on zooplankton, which might be more sensitive to NP because of its endocrine properties. While zooplankton was affected soon after treatment began [11] , changes in phytoplankton assemblages became apparent during the second half of the treatment period with maximum effects at the end of the dosing, when the NP concentrations had substantially declined. Total phytoplankton cell densities decreased during the first week of the postapplication period with increasing previous NP concentrations. This might be due to increased grazing since numbers of copepods increased simultaneously, and the relative increase was highest at NP7 [11] .
During the treatment, we found no effects on functional parameters such as total biomass and cell densities but observed effects on structural parameters. While Conjugatophyceae, mainly Cosmarium, with taxa sizes ranging from 20 to 70 m, dominated the relative biomass in the controls and lowest concentration, Dinophyceae with sizes of 20 to 25 m dominated at intermediate concentrations during the treatment and in the highest-treated microcosms NP7 during the postapplication period. Sterner stated in his review that optimum prey size for many zooplanktonic grazer ranges around 15 to 20 m [25] . Therefore, the density of grazing zooplankton might have affected the phytoplankton biomass since the relative biomass of smaller Dinophyceae taxa, which might be more susceptible to grazing, was greater when abundances of grazers were low. At the same time, principal response curves species scores indicated that the abundance of less edible taxa of the Cyanophyceae, often forming mucilaginous colonies, increased at greater NP concentrations; however, their relative biomass remained small.
Principal response curves revealed NP-dependent changes in phytoplankton composition, confirming that Conjugatophyceae were less abundant and Dinophyceae more abundant with increasing NP concentrations. The abundances of some Cyanophyceae also increased, but this was not reflected by an increase in relative biomass.
Phytoplankton assemblages at intermediate and higher NP concentrations only partly recovered during the postapplication period. Assemblage composition with respect to relative biomass as well as abundances of dominating taxa still differed markedly from the control assemblages at the end of the experiment.
We found no effects of NP on species richness, diversity, and assemblage composition of periphyton. O'Halloran [3] suggested that periphyton growth might have been indirectly affected by a reduction in grazer numbers. We found that A. minutissimum, which is common in the presence of grazers, was dominating the assemblages in the controls and at higher NP concentrations during the treatment period but was less abundant at intermediate concentrations. Further investigations are required to investigate the sensitivity of different grazers and indirect effects on periphyton over a wider range of NP concentrations.
Although significance could not be shown because of the low number of investigated microcosms, the nature of the assemblage changes, their time course, and their relationship to the NP treatment strongly indicate that they were caused by NP. In the principal component curve analysis of phytoplankton (Fig. 5) , the lowest level of significance that could be achieved by this test design (p Ͻ 6.7) was reached for treatment effects in week 12 (Monte Carlo permutation test). Furthermore, some significant effects were also observed on zooplankton in the microcosms [11] .
CONCLUSION
Effects of NP on phytoplankton assemblage composition were probably indirect because of direct effects on grazing zooplankton. These effects occurred at concentrations well below those causing direct effects in single-species tests and were found at concentrations reported from polluted surface waters. Effects were apparent during the six-week treatment period as well as the six-week postapplication period, when NP concentrations were below detection limits. The recovery period found by O'Halloran [3] for zooplankton was one to four weeks. However, continuous exposure to NP, as simulated in this study, which occurs at sites receiving industrial and municipal effluents, might prevent recovery over a much longer time.
